Autophagy is a catabolic cellular process involving dynamic membrane rearrangement. Here, we review the understanding of autophagy, focusing on the late stages of the process, from the closing of the autophagosome to fusion with the lysosome. We propose the Reverse fusion model, for the closing autophagosome. In this model, autophagosome closure proceeds in a topologically similar but reverse order to membrane fusion during the escape of influenza virus from the endosome. This dynamic process is thought to be directly catalyzed by LC3, an ubiquitin-like molecule. Further, we discuss the dynamics of the Atg16L complex in relation to the LC3 localization in these processes. Finally, the molecular mechanisms involved in the delivery of autophagosomes to the lysosome and fusion are introduced. Several key events exist in each step and seem to be coordinated to faithfully conduct the autophagic process.
When eukaryotic cells face challenging conditions such as nutrient deficiency, they degrade a portion of their own constituents by inducing a cellular process called autophagy. 1 Among the several modes of autophagy, we will focus on macroautophagy in this review; this process involves a unique membrane structure termed the autophagosome. Autophagosomes are spherical structures consisting of double bilayered membranes with diameters of about 500 nm. In the cultured mammalian cells, tens or hundreds of autophagosomes are formed in the cytoplasm within a few hours of starvation; these autophagosomes are subsequently delivered to the perinuclear region where they fuse with lysosomes. The contents of the autophagosome are then degraded by lysosomal hydrolases. The degradation products are primarily needed to supply nutrients, and it has recently become evident that autophagy is involved in a number of physiological phenomena. 2 The mechanism of autophagosome biogenesis is an interesting cell biological problem because it stands apart from the canonical vesicular trafficking process. 3 In autophagy, a membrane sac called the isolation membrane/ phagophore extends around the degradation substrates, and ultimately fuses to become the autophagosome (Figure 1a) . A key breakthrough in this enigma was brought about by the power of yeast genetics, which allowed the identification of more than 10 genes responsible for autophagosome formation through complementation screening. 4 This collection of genes is now termed Atg, and their orthologues are essentially conserved throughout eukaryotes. Extensive analysis of the Atg genes has been performed and the molecular mechanisms of autophagosome formation are gradually being elucidated. However, relatively less attention has been paid to the late stages of autophagy in comparison to the earlier stages. Here, we will review recent advances in our understanding of the autophagic process, particularly focusing on the later stages, the process between closure of the autophagosome to fusion with the lysosome. It should be noted that closing step has not been well described so far possibly because there has not been a mutant specifically defective in this step. For the rest of autophagic process such as induction mechanism, initiation of the formation, disintegration of autophagic body and recycling of degradation products, please refer the other reviews. 3, 5, 6 LC3: An Important Player In Autophagosome Closure?
Atg8 is an ubiquitin-like protein in yeast and its mammalian orthologues are LC3, GATE-16 and GABARAP. 7 The roles of LC3 and its paralogues (termed LC3s here) in mammalian autophagy have been obscure primarily because the presence of multiple paralogues has precluded knockdown/out. Recently, a novel method to functionally eliminate the LC3 protein together with its paralogues has been established. 8 This method employs the exogenous overexpression of an inactive form of Atg4, a cysteine protease that processes Atg8/LC3s. Atg4 cleaves two different targets from Atg8/ LC3s: an unnecessary C-terminal tail sequence and PE, which is conjugated to LC3 by a ubiquitination-like reaction (Figure 1b) . 9, 10 Atg4 action on LC3s exposes a glycine residue at the C-terminus and results in form I, unconjugated soluble form that diffuses throughout the cytoplasm. During autophagy, form-I Atg8/LC3 becomes PE-conjugated (form-II) and membrane bound. This process is catalyzed by a ubiquitination-like reaction performed by an E1-like enzyme (Atg7) and an E2-like enzyme (Atg3) (Figure 1b) . 11 The exogenously overexpressed Atg4 inactive mutant has an interesting property: it strongly binds to its product, unconjugated LC3s (form I). The Atg4-bound LC3s cannot be converted to the PE-conjugated form because access to the E1 enzyme is prevented. Therefore, if inactive Atg4 is present in excess of all LC3s in a cell, this will result in the loss of LC3 paralogue function.
As expected, autophagic activity was completely abolished in cells with inactive Atg4 overexpression. 8 Unexpectedly, however, autophagosome formation was not completely abolished. Electron microscopy showed that many autophagosome-like structures accumulated in the cytosol compared with wild-type cells. Further, about half of these structures were mostly, but not completely, closed. This percentage is likely an underestimation of actual unclosed autophagosome number, as the electron microscopic sections would not necessarily traverse the unclosed regions. These results imply that a defect in LC3s function leads to the failure of autophagosome closure. Essentially similar phenotypes were recapitulated in an Atg3 knockout mouse, in which the conjugating enzyme (E2) involved in the ubiquitination-like lipidation reaction of LC3s is eliminated. 12 Abnormally elongated isolation membranes were sometimes observed in Atg3 KO cells, and this may be the consequence of failure to terminate elongation because of the absence of LC3s function. 12 Thus, form-II LC3s seem to be necessary for autophagosome closure.
What kind of membrane dynamics underlie the closing autophagosome? Closure does not occur through typical membrane fusion, as the general membrane fusion facilitator, NSF/Sec18, has been shown to be dispensable for autophagosome formation in yeast. 13 However, there are interesting similarities between autophagosome closure and the membrane dynamics of cellular infection by the influenza virus. After attaching to the surface of the host cell, influenza virus enters through the endocytic pathway (Figure 2 ). Once at the endosome, the viral membrane merges with the endosome membrane and the nucleocapsid escapes into the cytosol. This process is catalyzed by the viral HA protein.
14 When exposed to the acidic environment of the endosome, HA, whose each terminus is inserted into each membrane, undergoes a conformational change that bends two a-helical stretches and generates a driving force for membrane fusion. These dynamics represent typical membrane fusion, and in fact, HA structurally resembles the SNARE proteins that are involved in membrane fusion during vesicular trafficking. In the prevailing model of lipid bilayer vesicle fusion (the stalkpore fusion model), 15 a fusion pore is ultimately generated (Figure 2 ). On the other hand, during the process of autophagosome formation, the leading edge of the isolation membrane gradually narrows and finally forms a pore. In this analogy, the state that the pre-fused influenza virus is inside the endosome can be regarded as the completely enclosed autophagosome; the endosome membrane corresponds to the outer autophagosome membrane and the influenza membrane corresponds to the inner autophagosome membrane. The state just after HA-mediated fusion between the viral membrane and the endosome can be thought of as analogous to that of the forming autophagosome just about to close. Thus, in terms of membrane dynamics, autophagosome closure proceeds in reverse order of the membrane fusion process in influenza escape (Reverse fusion model). To further clarify this comparison, we will raise a similarity to the multivesicular body, a type of endosome that includes a number of internal vesicles. These internal vesicles are generated through invagination of limiting membrane of the multivesicular body and the final scission. 16 The membrane dynamics of scission are topologically similar to autophagosome closure. In maturing dendritic cells, the internal vesicles harboring MHC class II molecules in multivesicular body are competent in back fusion to limiting membrane to transform into long tubules, which are delivered to the plasma membrane. 17 This back fusion is also topologically similar to viral escape and the reverse of 'Reverse fusion'.
How are the LC3s involved in autophagosome closure? The yeast Atg8 has some interesting capacities regarding membrane dynamics. In vitro reconstitution of the ubiquitinationlike conjugation of PE to Atg8 to form Atg8-PE has been accomplished. 18 The resulting liposomes harboring Atg8-PE cluster together in the experimental tube, and this is owing to the nature of the Atg8 protein.
19 Atg8-PE homo-oligomerizes and can catalyze tethering and hemifusion of membrane vesicles. Hemifusion is a type of fusion that merges only the outer leaflets of both pairs of double membranes. However, how hemifusion is involved in autophagosome formation is not The most well-accepted model of membrane fusion suggests that fusion is initiated by hemifusion, and a stalk connecting the two membranes is then generated (Figure 3a) . A fusion pore then opens, leading to the complete fusion. In the reverse model suggested for autophagosome closing, the pore becomes a stalk. In this transformation, a lipid monolayer within a pore disappears (Figure 3b ). This disappearance might be catalyzed by LC3s, because it is similar to the hemifusion process in the sense that opposing lipid molecules in the outer leaflets mix together. The mechanism of progression from stalk to complete closure is not well understood, but it is probable that once the outer membrane is closed and becomes spherical, it is thermodynamically stable enough to generate the force to eliminate the stalk in the inner membrane.
This role for LC3s had not been anticipated from early studies. As the Atg8/LC3s are conjugated to a lipid molecule and then detached from it, one favored model is that these proteins carry lipids to forming autophagosomes. 20 This model hypothesizes that LC3 is lipidated at some other location and is delivered to the isolation membrane. Although this possibility has not been excluded, recent progress in understanding other Atg proteins fit a new model that LC3s are directly involved in autophagosome closure, at least in mammalian cells. Atg12 is another ubiquitin-like molecule and is conjugated to the central region of the Atg5 protein through its C-terminus. 21 Atg16 binds to Atg5 at its N-terminal region and forms homo-oligomers through its coiled-coil region. 22 Therefore, Atg12-Atg5 conjugate and Atg16 (Ag16L in mammalian cells) forms a multimeric super-complex, termed the Atg16L complex. 23 The Atg16L complex has a role as an E3 ligase-like molecule in the LC3s ubiquitination-like reaction, because (i) Atg12 associates with Atg3, an E2-like enzyme involved in the LC3s ubiquitination-like reaction, (ii) Inhibition of membrane recruitment of Atg16L complex leads to a defect in the lipidation reaction and (iii) Atg16L complex artificially localized to the plasma membrane catalyzed the lipidation reaction there. 24 Thus, the Atg16L complex is competent for the recruitment of the activated E2-LC3s intermediate to its substrate (membrane structures containing PE). Moreover, when yeast Atg12-Atg5 complex is The late stages of autophagy T Noda et al added to the Atg8 in vitro reaction system, the reaction is accelerated. 25 Hence, localization of the Atg16L complex is a critical determinant of where the lipidation reaction occurs. To date, membrane association of Atg16L complex has been described only at the surface of the isolation membrane, therefore it seems reasonable to speculate that LC3 lipidation occurs at the surface of the isolation membrane (Figure 4 ).
26
Atg8 and LC3 are localized on both the inner and outer sides of forming autophagosomes, 27, 28 implying that lipidated Atg8/ LC3s laterally diffuse to traverse to the inner side of isolation membranes. If lipidation takes place on the isolation membrane, it follows that lipidated LC3s function is restricted to the isolation membrane. During lateral diffusion, LC3-PE should traverse the leading edge. Once the isolation membrane Figure 3 Hypothetical model of LC3-mediated autophagosome closure. (a) The stalk-pore model of HA mediated viral-endosomal membrane fusion. The white rectangle represents HA. HA is inserted into both the viral and endosomal membranes, and by the force generated from HA bending, the membranes undergo hemifusion. Then, a stalk is generated and becomes a membrane pore. Widening of the pore leads to membrane fusion. (b) A hypothetical model of LC3-mediated autophagosome closure. The white rectangle represents LC3, and the events are depicted from bottom to top. As a result of extension, the leading edge of the isolation membrane converges to a hole narrow enough that LC3 molecules meet. LC3 catalyzes the mixture of the lipids in the cytoplasmic leaflet of the hole, and a stalk forms. The stalk may be disintegrated spontaneously to complete autophagosome formation
The late stages of autophagy T Noda et al extends and the leading edge narrows, the LC3-PE will have an opportunity to tether other LC3-PE, and the closure reaction will take place.
It should be noted that the direct involvement of LC3s in autophagosome closure has not been demonstrated and other models might be applicable; for example, Atg16L complex or some other factor may be associated with closure because the behavior of the Atg16L complex is also affected (see below). Moreover, it is still unclear whether this model is also applicable to yeast, and it is highly probable that some differences exist. Even in atg8 null mutant yeast, unclosed autophagosomes like those seen in Atg4 inactive mutantexpressing mammalian cells were not observed by the electron microscopy. 27 Moreover, Atg8 function is thought to be related to determine of the size of autophagosomes. An Atg8 point mutant that has completely lost hemifusion activity was completely defective in autophagy, but cells with an Atg8 mutant partially defective for hemifusion produces smaller autophagosomes. 19 Furthermore, artificial reduction of Atg8 expression levels led to the decreased autophagic activity because of the production of smaller autophagosome rather than fewer autophagosomes. 29 Immuno-EM analysis showed Atg8 signal in the vicinity of the leading edge of forming autophagosomes. 27 This area may represent the intermediate involved in autophagosome formation. Altogether, yeast Atg8-PE may have additional roles in elongation of the autophagic membrane.
What happens next?
Atg16L complex is recruited to the forming autophagosome. 23 Interestingly, GFP-tagged Atg5, representing the Atg16L complex, detaches from the autophagosome and is released into the cytoplasm once the leading edges become continuous and encircled (Figure 4) . 26 Recruitment of GFP-Atg5 to forming autophagosomes occurred normally in cells expressing inactive Atg4, indicating that it does not depend on LC3s function. However, in the presence of inactive Atg4, GFP-Atg5 associates with forming autophagosomes for much longer (greater than 20 min) than under normal conditions, in which Atg5 dissociates from forming autophagosomes within B5 min of autophagosome completion. 8 This indicates that detachment of the Atg16L complex is affected by, or possibly dependent on, LC3s function. The direct trigger of this final detachment is still mysterious. The curvature of the autophagosome membrane is one candidate, but this seems less likely, as the size of unclosed autophagosomes is not significantly different from the size of completed autophagosomes in Atg4 inactive mutant-expressing cells. 8 The closure event itself or LC3s involved in closure may provide a signal that may be transmitted to Atg16L complex spread over the entire autophagosome, even distant from the closure spot. Whether Atg16L complex is localized to the outer surface of forming autophagosomes in yeast, like mammalian Atg16L, remains to be determined. Quantification of Atg16 associated with forming autophagosomes in yeast suggested that there is too little to cover the entire autophagosome as a coat-like clathrin in endocytic vesicles. 30 Live imaging analysis showed that in the process of single autophagosome formation, the intensity of GFP-Atg8 fluorescent signal at the site of autophagosome formation (termed PAS in yeast) changes in a biphasic manner: it increases gradually and then decreases gradually. 30 Immuno-EM against Atg8 in yeast showed heavy labeling of the membranes of forming autophagosomes, but less labeling of completed autophagosomes. 27 Instead, dense Atg8 signal was found evenly in the cytosol incorporated in the autophagic body, the single membrane structure released into the vacuole (lysosome in yeast) after fusion. 27 In mammalian cells, once the autophagosome fuses with the lysosome, GFP-LC3 signal is no longer detectable, because GFP signal is not emitted owing to the acidic and degradative environment of lysosomes. 31 GFP-LC3 attached to the outer autophagosome must also disappear. These results indicate that lipidated Atg8/LC3s are liberated from the autophagosome membrane by the action of Atg4 proteases. When does Figure 4 A model of dynamics of Atg16L complex and LC3s. The dynamics of the Atg16L complex and LC3s during autophagosome formation. Star: Atg16L complex. White circle: LC3 form-I. White circle associated with black patch: LC3 form-II. On the basis of a report that Atg16L complex determines the site of the LC3 lipidation reaction, it is postulated that the reaction occurs on the outer surface of forming autophagosomes. LC3s may function at the verge of the membrane in closure. The detachment of LC3/Atg8 from the inner autophagosomal membrane has been clearly shown only in yeast
The late stages of autophagy T Noda et al this cleavage occur? One possibility is that cleavage occurs constitutively at the surface of the isolation membrane even during the formation period, but the lipidation reaction exceeds the rate of cleavage, so progression of lipidation is apparent. Another possibility is that the cleavage is regulated and occurs only after the completion of autophagosome formation. Absence of this cleavage did not completely abolish autophagic activity, but net autophagic activity was lowered, therefore this cleavage is required in some way in yeast. 9 One possibility is that if Atg8-PE remains on the surface of the completed autophagosome, it may promote hemifusion between different autophagosomes, and result in failure of vacuolar delivery.
Transport and Fusion
When observed by live imaging, GFP-Atg5-positive particles, representing forming autophagosomes, move randomly in the vicinity of the initial appearance site. 32 GFP-LC3-positive particles also show this random initial movement, and then move linearly toward the perinuclear region where lysosomes are localized. 32 This linear movement utilizes microtubules as tracks and dynein as a motor. 32, 33 GFP-Atg5-positive particles do not show this linear movement; therefore, there must be a regulation to ensure that only autophagosomes engage in this movement. One possibility is that dynein is recruited after the Atg16L complex is detached, but the details remain to be elucidated. Involvement of LC3 in this regulation is an interesting possibility, as it was originally identified as microtubule-associated protein light chain 3. 34 Dyneindependent autophagosome delivery is a physiologically significant process, as it allows the efficient delivery of degradation substrates captured throughout the cytoplasm to the lysosomes. This significance is evident also from the study on LAMP-2, which is a lysosomal membrane protein and its absence is causative of the Danon disease, an X-linked dominant disorder that includes hypertrophic cardiomyopathy, skeletal muscle myopathy and variable mental retardation. 35 In the LAMP-2 knockout mouse, lysosomes are not concentrated in the perinuclear region but are dispersed throughout the cytoplasm; therefore, autophagosomes cannot fuse to lysosome and accumulate in the cytoplasm. 35 The lysosome is the final destination of autophagosomes and the outer membrane of autophagosomes ultimately fuses with the lysosomal membrane. The fused organelle is called the autolysosome and this process is also referred to as autophagosome maturation. This fusion process has been analyzed, in detail, in yeast as autophagosome to vacuole fusion. In this system, fusion is dependent on the canonical fusion machinery, the Rab-SNARE system, and the set of involved molecules are thought to be almost identical to those involved in vacuole-vacuole homotypic fusion. 36 NSF/Sec18, which is generally involved in vesicle fusion, is also required for autophagosome vacuole fusion. 13 Ypt7 is a Rab small GTPase involved both in autophagosome-vacuole and vacuole-vacuole fusion. 27 The Ccz1-Mon1 protein complex acts together with Ypt7 in these fusion processes. [37] [38] [39] The Ypt7 homologue, Rab7, has been shown to be involved in autophagosome-lysosome fusion in mammalian cells, 31, 40, 41 Vam3, Vam7 and Vti1 are SNARE proteins involved in fusion in yeast. 42, 43 The key question remaining to be answered is what is the SNARE molecule residing in autophagosomes (corresponding to v-SNARE) and how it is delivered. The current SNARE model 44 predicts at least one SNARE molecule is localized in autophagosome. If it is a tail-anchored transmembrane protein, as are the majority of the SNARE family, we would predict the existence of a vesicular trafficmediated connection to an unknown source membrane. In this regard, it should be noted that classical morphological studies showed the existence of a hybrid organelle of autophagosomes and early/late endosomes, termed amphisomes. 45 The SNARE molecule involved in lysosomal fusion may be delivered through amphisome formation, but this would still leave the question of how the SNARE involved in amphisome fusion is delivered. To date, no specific v-SNARE has been assigned as such a candidate, and identification of the v-SNARE would give us a critical clue to the identity of the source of the autophagosome membrane. It would also be interesting to determine when the SNARE molecule is recruited to the autophagosome, because there should be some mechanism to prevent fusion of lysosomes and preenclosed autophagosomes if the SNARE is already recruited. Class C Vps/HOPS proteins consist of a tethering protein complex including an SM (Sec1/Munc18-like) protein and a Rab GEF (GDP/GTP exchanger) for Ypt7, and are involved in fusion. 36, 46 Recently, it was found that the mammalian HOPS complex binds to UVRAG, which is a Beclin-1 binding protein. 47 Beclin-1, the mammalian homologue of yeast Atg6, also interacts with class III phosphatidylinositol 3-kinase/ hVps34 and is essential for autophagosome formation. 48, 49 Overexpression of UVRAG promotes autophagosome-lysosome fusion; therefore, it is possible that Beclin-1 is a facilitator of the fusion process in addition to its role in autophagosome formation. 47 
Future Direction
In this review, we discussed the late stages of autophagy and proposed novel model in autophagosome closure. It is no doubt that a number of molecules link each stage to faithfully conduct the dynamic membrane rearrangement. One of such molecules, but its role in the late stages is totally unknown, is phosphatidylinositol 3-phosphate. It has been established that phosphatidylinositol 3-phosphate plays a pivotal role in at least in the early stages of autophagy. 50 The yeast autophagosome is enriched for phosphatidylinositol 3-phosphate, but it is not clear if this is the case for mammalian autophagosomes. 51 Recently, it has been shown that a specific subdomain of the ER (termed the omegasome) becomes deformed to overlap with the nascent autophagosome, and autophagosome formation takes place inside it. The omegasome is enriched for phosphatidylinositol 3-phosphate and interestingly, the omegasome and/or phosphatidylinositol 3-phosphate disappears once the autophagosome is generated. How phosphatidylinositol 3-phosphate is involved in the late stages will be important to the further understanding of the autophagy regulation.
